It is well known that corrosion inhibition performance of organic compounds in acidic media depend on their concentration and molecular structures. Therefore, the comparative study of inhibition efficiency of eugenol as aromatic and linalool as linear molecules on aluminium corrosion in 0.5 M HCl solution was performed. The study was done by weight loss, potentiodynamic polarization and EIS methods, while surface morphology of aluminium was examined by SEM method. All used methods confirmed inhibition efficiency of both investigated compounds on aluminium corrosion in acidic medium. From the obtained potentiodynamic polarization curves is evident that presence of eugenol and linalool in acid media cause a prominent decrease in current densities, and shift of the Ecorr values to more cathodic direction in comparison with 0.5 M HCl without inhibitors. EIS method confirmed that the maximum inhibition was achieved with addition of 0.012 mol L -1 eugenol (92.4%) and 0.035 mol L -1 linalool (85.1%) in HCl solution. Thus, these concentrations can be assumed as optimum for corrosion inhibition of aluminium. SEM results are in accordance with the results obtained by weight loss and electrochemical measurements, confirming the existence of protective inhibitor film on the Al surface.
INTRODUCTION
The use of corrosion inhibitors in the industry has a long tradition, because it provides good protection of metals and thus minimize economic loses. In the 21 st century there is still an increasing awareness on environment and human health protection, therefore the studies must be conducted to use as corrosion inhibitors the environmental friendly, biodegradable and non-toxic compounds, instead of harmful synthetic ones [1] . Corrosion of aluminium, especially in high acidic media such as hydrochloric acid is pronounced when processes such as acid pickling, descaling and corrosion product removing were obtained. Detection of corrosion inhibitor with high inhibition efficiency is particularly based on their molecular structure, mainly on the availability of electron-rich atoms (N, S, O, P) in the inhibitor molecule, and equally the presence of multiple bonds or aromatic rings [2] . The majority of organic compounds used as corrosion inhibitors, act by adsorption on the metal surface, creating a protective layer. Adsorption process mainly depends not only on charge of metal in corrosive medium, but also on the molecular structure of the inhibitor, where electron-rich atoms can serve in adsorption process as adsorption centers. Many studies confirmed that inhibitors which in their structure possesses multiple bonds and heteroatoms, such as aromatic rings [3] [4] [5] [6] show better inhibition performance than molecules with linear structure [7, 8] . Regarding to replacement of toxic corrosion inhibitors with environmentally friendly types such as natural products of plant origin, and compounds used in food industry for flavouring or thickening [9] [10] [11] [12] [13] , in this work, eugenol and linalool were examined as potential corrosion inhibitors for aluminium in high acidic medium. Eugenol (2-Methoxy-4-(prop-2-en-1-yl) phenol) and linalool (3,7-dimethyl1,6-octadien-3-ol), which are the principal components of many essential oils, possess some typical adsorption centres attributable to good corrosion inhibitors. These naturally occurring antioxidants are used, not only for food products stabilization, but also in pharmaceuticals and cosmetics [14, 15] . Comparative study of inhibition efficiency of eugenol as aromatic and linalool as linear molecules on aluminium corrosion in 0.5 M HCl solution was performed. Their inhibition efficiency was examined by weight loss, potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) methods. In addition, the scanning electron microscopy (SEM) analysis was used to confirm eugenol and linalool inhibition performance on aluminium surfaces.
EXPERIMENTAL

Materials, Reagents and Solutions.
Eugenol and linalool were provided by Sigma-Aldrich. The stock solution of eugenol (C10H12O2, ρ= 1.067 g mL -1 ) and linalool (C10H18O, ρ= 0.87 g mL -1 ) were prepared by dissolving it in ethanol as 30% (v/v) solution. A specific volume of the stock solution with corrosion inhibitors was taken and added directly to 0.5 M HCl solution (prepared from analytical grade hydrochloric acid and deionised water) to prepare the desired concentration (cinh) in the range of 0.001 -0.035 mol L -1 . Aluminium coupons prepared from 99.85% pure aluminium were used for weight loss and electrochemical investigations.
Weight Loss measurements.
For weight loss measurements cleaned aluminium coupons dimension of 2 × 2 cm were used in each experiment, weighed and suspended in a 100 mL beaker containing 0.5 M HCl as the test solution, with or without inhibitors. After 2 h of immersion at 30 °C in non-de-aerated test solutions the coupon was taken out, dried and re-weighed. The corrosion rate (Wcorr) and the inhibition efficiency (ηw) were calculated from equations (1) where Δm is average weight loss of three parallel aluminium coupons (mg), S is the area of the Al coupons (cm 2 ), t is immersion time (h), Wcorr and W'corr are the corrosion rates of Al coupons, with and without inhibitor, respectively.
The inhibition efficiency depends on the degree of aluminium surface coverage (θ) by molecules of the inhibitor and can be expressed by the equation (3):
Electrochemical and SEM methods.
All electrochemical measurements were conducted in the cylindrical glass cell containing 600 mL of electrolyte, where saturated calomel electrode (SCE) and graphite electrode were used as reference and auxiliary electrodes, respectively. The working electrode (WE) cut from Al with surface area of 1 cm 2 was exposed to test solution and each experiment was repeated at least three times to check the reproducibility. Electrochemical measurements were recorded with a potentiostat type VersaSTAT 3, Princeton Applied Research, controlled by a personal computer. Potentiodynamic polarization measurements were performed at scan rate of 0.5 mV s -1 after open circuit potential was reached. The inhibition efficiency (ηp) was calculated according to equation (4): 
where I'corr and Icorr are the corrosion current densities in the absence and presence of inhibitor, respectively. Corrosion current densities values were determined by the intersection of the extrapolated cathodic Tafel lines at the corrosion potential (Ecorr ).
EIS measurements were performed in the frequency range from 10 kHz to 30 mHz with an AC voltage amplitude perturbation of 10 mV and obtained data was analysed using ZSimpWin 3.00 software (EG&G, USA). The inhibition efficiency (ηe) of eugenol and linalool was calculated using the following equation (5):
where R'ct and Rct are charge transfer resistance in the presence and absence of the inhibitor, respectively. The SEM micrographs of the samples were made by JEOL JSM 6460 LV scanning electron microscope.
RESULTS AND DISCUSSION
Weight loss measurements.
Weight loss measurement of aluminium coupons was performed at 30°C in the absence and presence of different concentrations of eugenol and linalool after 2 h immersion in 0.5 M HCl. The obtained corrosion rates Wcorr (mg cm -2 h -1 ), surface coverage (θ) and inhibition efficiency values (ηw%) were shown in Table 1 . It can be seen that both used inhibitors decreased the corrosion rate of aluminium in 0.5 M hydrochloric acid solution at all studied concentrations. Increasing the concentration of the used inhibitors results in a significant decrease in the corrosion rate, which in turn leads to an increase in the surface coverage and inhibition efficiency values. From this results are evident that maximum surface coverage of aluminium was achieved for addition of 0.012 mol L -1 eugenol (0.8230), while for linalool the maximum surface protection was obtained after addition 0.035 mol L -1 (0.7716). It must be noted that further increases of eugenol concentration (> 0.012 mol L -1 ) did not cause any significant change of surface coverage and the inhibition efficiency values. This could be occurred due to desorption process of inhibitor molecules, when its concentration is beyond the optimum [16] . Also, these results confirmed that both molecules act as good corrosion inhibitors for aluminium in high acidic media and these molecules are probably adsorbed on aluminium surface via adsorption centres presents in their structure [17, 18] .
On the basis of weight loss measurements, it can be drawn that eugenol and linalool acted as good corrosion inhibitors for aluminium in high acidic media and they are probably adsorbed on aluminium surface via adsorption centres presented in their structure (Figure 1 ). The primary step in the action of organic inhibitors in acid solutions is generally agreed on their adsorption on the metal surface [19] . In this content, the adsorption behavior of molecules used in this work was investigated in terms of Langmuir adsorption isotherm (Figure 2 .), in order to check which, type of interaction is occurred, i.e. adsorption of inhibitors on aluminium surface or interaction between adsorbed molecules. From Figure 2 . is evident that the linear correlation between c/θ vs c was obtained for eugenol and linalool molecules, confirming that their adsorption on the aluminium surface obeys Langmuir adsorption isotherm. The gained isotherm postulate that there is no interaction between the adsorbed molecules, and on the metal surface is a fixed number of adsorption sites, while each can hold one adsorbed species [5] . Since it is found that the experimental data obtained from weight loss measurements fitted Langmuir's adsorption isotherm, some thermodynamic parameters such as the adsorption constant, Kads and the Gibbs energy of adsorption, 0 ads G  can be calculated. From the expression for Langmuir's adsorption isotherm (6):
where c is the inhibitor concentration in mol dm -3 , θ the surface coverage, Kads was calculated, while the Gibbs energy of adsorption ( 0 ads G  ) was given from the following equation (7): 0 ln(55.5 ) ads ads
where 55.5 mol dm −3 is the molar concentration of water in the solution, R is the gas constant (8,314 J K -1 mol -1 ) and T is the temperature (K) [19] .
Thermodynamic parameters obtained from Langmuir's adsorption isotherms for eugenol and linalool are given in Table 2 . According to the obtained values for 0 ads G  which are between -28.41 kJ mol -1 and -21.63 kJ mol -1 some conclusions can be made. Firstly, negative value for 0 ads G  indicates that adsorption process of eugenol and linalool molecules on aluminium surface is spontaneous, and secondly, the calculated values of Gibbs energy are typical for electrostatic interaction, i.e., physisorption [20, 21] . So, it can be observed that the adsorption process of eugenol and linalool molecules on the aluminium surface in the present study is mainly physisorption. The cathodic and anodic polarization curves of aluminium in 0.5 M hydrochloric acid solution in the absence and presence of different concentrations of eugenol and linalool are shown in Figures 3a  and 3b , respectively. Potentiodynamic polarization parameters were calculated from Tafel plots and are given in Table 3 . The corrosion current density values in the presence and absence of inhibitor in hydrochloric acid were determined by the extrapolation of cathodic Tafel slopes to the respective corrosion potentials. It is apparent that Icorr decreases considerably in the presence of used inhibitor, and decreases with rises of their concentration. Maximum decrease of Icorr values (0.042 mA cm -2 ) and maximum inhibition efficiency (94.7 %) was obtained with addition of 0.012 mol L -1 eugenol in 0.5 M HCl solution. This trend is also observed for weight loss measurements which points out that both applied methods are in good correlation. Since the higher concentration (> 0.012 mol L -1 ) of eugenol did not cause further increase in current densities value, these polarisation curves are not presented. From Table 3 . it can be seen that addition of eugenol even at quite low concentration (0.001 mol L -1 ) cause prominent decrease of corrosion current density values (0.148 mA cm -2 ) with a quite high (81.2 %) inhibition efficiency. For comparison, at the same concentration of linalool the inhibition efficiency is only 31.4 %. Since the eugenol is aromatic molecule which can be adsorbed on aluminium surface with planar orientation, and the linalool is linear molecule which can be adsorbed via vertical one, we assumed that their structural differences (Figure 1) are influenced on the level of aluminium protection. In this content, at the same used concentration, eugenol can cover larger aluminium surface than linalool, holding a nearly flat orientation with respect to the aluminium. This planar adsorption configuration increases the contact area and prevents the water molecule to pass from aggressive solution into the aluminium surface. The similar observations were previously studied for some aromatic molecules [23] [24] [25] [26] .
From Figures 3a and 3b is evident that the corrosion potential shifts in the negative direction with increases of concentrations of investigated inhibitors. It is obvious that eugenol prevents localized attack on the aluminium electrode surface, causing Ecorr shift with appearing of passive region for all used concentration. This passive region means that the shape of anodic curves observed in the HCl solution in the presence of eugenol as well as in the presence of higher concentration of linalool (>0.006 mol L -1 ) is quite different from those recorded in the solution without inhibitor. The shape of the polarization curves confirms that both inhibitors mainly retard the cathodic evolution of hydrogen, and blocked reaction of electron transfer on anodic site, indicating on the passive behavior of the aluminium surface, probably due to the formation of a protective layer. Similar behavior of aluminium was observed previously [27, 28] .
Shape of polarization curves also indicates that after the potential of approximately -760 mV vs. SCE was reached, a significant destruction of the resulting film on the aluminum surface and aluminium dissolution were achieved. Furthermore, in the presence of either compound, the slight change of bc indicates that the corrosion mechanism of aluminium does not change significantly, confirming that utilized inhibitors acted by simple blocking of the available surface area via adsorption process [28] .
Furthermore, from the potentiodynamic polarization curves for aluminium in 0.5 M HCl solution can be seen that presence of eugenol and linalool cause a significant decrease in current densities, and at the same time, shift the Ecorr values to more cathodic direction. This behaviour can be explained on the basis of the fact that in acidic solution these molecules existed in the protonated form (especially linalool), and as such can be easily adsorbed on the cathodic site of the aluminium, decreasing the hydrogen evolution reaction. Linalool molecules could be easily protonated in the high acid solution such as 0.5 M HCl, moreover, this molecule also contained oxygen atom in O-H functional group and double bonds, typical for corrosion inhibition activity via adsorption. Similarly, the eugenol molecule ( Figure 1 ) contained functional groups with oxygen and doubles bond also responsible for adsorption and protection of aluminium surface.
Electrochemical Impedance Spectroscopy.
The effect of eugenol and linalool on the impedance behaviour of aluminium in 0.5 M hydrochloric acid solution has been studied and the results are given in Figure 4 . as Nyquist plots. Results obtained from the inspections of the impedance spectra for pure 0.5 M hydrochloric acid solution and the equivalent circuit model used to fit the experimental results was given previously [27] . Table 4 show that the Rct values increase and the constant phase element (CPE) values decreases with increasing eugenol and linalool concentrations. The increase of the charge transfer resistance (Rct) values with increases of inhibitor concentration suggests the formation of a protective layer on the electrode surface, which acts as a barrier for mass and charge transfer. Furthermore, the decrease in CPE can result from the increase of thickness of the electrical double layer, once again confirming inhibitor molecules adsorption at the metal/solution interface. The inhibition efficiencies (ηe) calculated from Rct values indicate that both investigated inhibitors acted as good corrosion inhibitors of aluminium in hydrochloric acid solution. Due to the fact that the maximum inhibition efficiency was achieved with addition of 0.012 mol L -1 eugenol (92.4%) and 0.035 mol L -1 linalool (85.1%) in HCl solution, this concentration can be assumed as optimum concentration for aluminium protection. Furtermore, the results obtained from the EIS measurements are in very good agreement with those obtained from weight loss and polarization measurements, suggesting that linalool must be added in higher concentration than eugenol for achieving similar inhibition efficiency.
Scanning Electron Microscopy (SEM).
The SEM images of aluminium surface after 2 h of immersion in 0.5 M HCl solution in absence and presence of optimum concentration of eugenol and linalool are given in Figure 5 . Figure 5b and 5c, indicating on significant improvements in surface morphology as compared to that in the aggressive medium without inhibitors. It is obvious that on aluminium surface is present the layer of adsorbed inhibitor, which provided efficient corrosion inhibition of aluminium. Thus, these results are in accordance with those obtained by weight loss and electrochemical measurements, especially when is evident that surface morphology of aluminium samples shows better improvement with addition of eugenol than linalool in HCl solution.
CONCLUSIONS
Eugenol and linalool act as effective corrosion inhibitors for aluminium in 0.5 M HCl solution. Potentiodynamic polarization curves indicated that presence of eugenol and linalool in HCl cause the shift of corrosion potentials in the cathodic direction and decrease of corrosion currents with the increase of inhibitor concentration. The results obtained from the EIS measurements are in very good agreement with those obtained from weight loss and polarization measurements, suggesting that linalool must be added in higher concentration than eugenol for achieving similar inhibition efficiency. Thus, to attain the maximum inhibition efficiency, the optimum concentrations of eugenol and linalool are 0.012 mol L -1 and 0.035 mol L -1 , respectively. The surface morphology of aluminium samples shows better improvement with addition of eugenol than linalool in HCl solution. This could be due to the differences between chemical structures of eugenol and linalool, where is well known that molecules with aromatic ring possessed better adsorption and inhibition behavior on metal surface in comparison with linear ones.
